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FOREWORD 

1.  Purpose .  .To  present  the  data  and  calculations  on  which 
AWS  Manual  105-100  (Rev.),  August  1956,  was  based. 

2.  Scope .  The  assumptions,  calculations,  tables,  and  graphs  used 
In  deriving  the  contrail-formation  curves  and  procedures  In  the  origi¬ 
nal  edition  of  AWSM  105-100  (April  1952)  are  reviewed  and  revised  In 
this  Report  In  light  of  more  recent  data,  particularly  from  Project 
Cloud  Trail.  New  tables  and  graphs  are  presented  which  were  used  as 
the  basis  for  the  revision  of  AWSM  105-100  issued  in  August  1956.  This 
Report  will  be  of  particular  interest  to  field  activities  engaged  in 
verifying  the  procedures  in  AWSM  105-100  or  in  adapting  them  to  condi¬ 
tions  in  overseas  areas.  For  all  practical  purposes  AWS  TR's  105-103 
and  105-112  are  made  obsolete  by  this  Report  and  will  no  longer  be 
stocked;  they  can  still  be  obtained  from  ASTIA  if  desired  by  research 
activities. 

3.  Additional  Copies.  This  Report  is  stocked  at  Headquarters 
MATS,  Command  Adjutant,  Publishing  Division.  Additional  copies  may  be 
requisitioned  from  Headquarters  Air  Weather  Service,  ATTN:  AWSAD,  in 
accordance  with  AWSR  5-3,  as  amended. 
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DERIVATION  OP  JET-AIRCRAFT  CONTRAIL-FORMATION  CURVES 

Section  I 

THEORETICAL  DERIVATION 


i.i.  Introduction 

i  baS±S  °f  the  oriSlnal  AWS  Manual  (AWSM  10“=, -inn 

Z  ZT/ZTTf ma  publlshed  ln 

-  j  :r-::  ~  -  rs.— 

-I  <3  ^::iie?«r::p:::P::;:rr;e(2> saturated  with  — « -  - 

content  to  be  detected  vl3ually  SIneftH  ‘  SUm°le"‘  ‘—•■W 
•tala  required  for  a  visible mtmT  ,  7""'“"“°"  °f  1Ce  0ry- 

mates  were  used:  0.004gm/m3  and  0  OWm3”  “it”*  ^  S“SgGSted  eStl~ 

When  actual  measurements  become  avallStt  'it  V “•  “nphaSl2ed  that 
construct  new  curves  r„ch  avallable.  “  -IfSht  he  necessary  to 
several  years.  -asurements  probably  „m  not  be  made  for 

The  original  tables  and  graphs  were  worked  out  In  terms  of 
ratio  (gm/kg),  which  means  that  they  cannot  readily  be  adjusted"^ 

:r:“:trr s; The— «- 

-  a  »::rrr ::  As  sh°m  iatar- « 

a.  ,  ueru.ve  formation  curves  based  on  anv  i 

crystal  concentration  desired  iien  ^  ce_ 

extend  +.  ,  aesired.  Also,  the  new  tables  can  readily  be 

tended  to  any  altitude  and  adjusted  ior  any  fuel  The  Tables  ( 
appendix)  and  Figures  (Figures  1  and  2)  for  the  region  1000  to  to  mb 

are  Amon^th1”  thRS  I'eP°I’t  f°r  USe  ln  ^rther  Investigations. 

kerosene,  fuel  oil  Ttl  T  ITTT  f  hydr°0arb0n  fuala  baseline, 
leased  act.  t„  7  are  heat  ana  water  vapor.  The  heat  re¬ 
craft  the  mol  r  ”latlVe  hU1"laity  ln  the  »aka  °f  hhe  air- 

craft,  the  moisture  released  acts  to  increase  it 

tlve  humidity  in  the  wake  (RH  )  1.  dependent  on 

e^tui  ;rr  :apor  (M>,  rntataed  in  the  —>»**  *»  ^1; 

ZTZ  hu”ldlty  (rhk>  °f  tha  — 

the  wake.  Knowing  Z  it T  'nVlr<>n"ent  tb  »  gas  in 

functions  of  P,  t  t  ‘t,!"*"1*  t0  °bta1'1  °UrVe8  °f  N  aa 

a  iEa  and  RHg  which  will  result  in  specific  values  of 
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relative  humidity  In  the  wake.  (Hereinafter,  the  subscript  "e"  will 
refer  to  the  wake  and  "E"  to  the  environment.) 

It  is  generally  accepted  that  at  temperatures  below  freezing  and 
in  the  absence  of  ice  crystals  the  relative  humidity  must  reach  satu¬ 
ration  with  respect  to  water  before  any  condensation  can  occur.  At 
the  low  temperatures  (-4o°C  and  colder)  necessary  for  exhaust-trail 
formation  the  resulting  droplets  immediately  freeze.  Since  the  waice 
is  highly  supersaturated  with  respect  to  ice,  the  excfess  water  vapor 
sublimes  onto  the  ice  particles,  which  continue  to  grow  until  the 
relative  humidity  in  the  wake  falls  to  ice  saturation.  If  the  result¬ 
ing  concentration  of  ice  crystals  is  sufficient,  the  trail  will  be 
visible.  The  minimum  concentration  necessary  to  produce  a  visible 

n°^  to^own,  but  estimates  have  ranged  as  low  as  0.004  to  0.01 
gm/nr5  [3].  Others  have  estimated  much  higher  values.  In  the  previous 
paper  [2]  it  was  shown  that  any  wake  which  reaches  a  relative  humility 
of  100#  with  respect  to  water  contains  .sufficient  excess  moisture 
after  formation  of  ice  particles  to  produce  an  ice  crystal  concentra¬ 
tion  in  excess  of  0.01gm/m^.  In  that  paper,  therefore,  curves  of  N 
vs  P,  Tj,  and  RHg  were  constructed  for  wake  relative  humidities  of 
water  saturation,  ice  saturation,  and  ice  saturation  plus  an  ice- 
crystal  content  of  O.Olgm/m^.  As  shown  below,  it  is  a  relatively 
simple  matter  to  insert  other  concentration  values  as  more  information 
is  gained  on  the  actual  ice-crystal  content  of  contrails. 

1.2.  Method.. 

For  every  gram  of  fuel  burned  there  are  produced  approximately  12 
grams  of  exhaust  gases  containing  1.4  grams  of  water  vapor  and  10,000 
calories  of  heat.  Each  gram  of  the  exhaust  gas  mixes  with  N  grains  of 
the  surrounding  air,  with  N  increasing  with  time  from  zero  to  infinity. 
The  increase  in  temperature  of  the  wake  over  the  initial  temperature 
of  the  environment  (AT)  is  equal  to  10,000/(l2N  x  0.24),  where  0.24  is 
the  specific  heat  of  the  air.  The  increase  in  water  vapor  density  of 
the  wake  (Apwe)  is  1.4  x  pg/l2N,  where  pg  is  the  total  density  of  the 
wake.  Since  the  earlier  study  had  shown  that  no  trails  could  form 
until  the  value  of  N  exceeded  60  parts  of  air  to  one  of  exhaust  gas, 
all  wake  densities  were  calculated  on  the  basis  of  pure  air.  Combin¬ 
ing  the  two  equations  to  eliminate  N,  Ap  =  .0336  x  AT  x  p  ,  where  o 
is  in  units  of  kg/m  . 

The  water-vapor  density  initially  present  in  an  environment  at 
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relative  humidity  values  of  0,  60,  90 ,  and  100  percent,  and  at  5°C 
temperature  intervals  from  -20  to  -70°C,  are  shown  in  Table  la.  These 
values  were  calculated  from  Table  108  Smithsonian  Meteorological  Tables. 
6th  rev.  ed.  Since  the  Table  extended  only  to  -50°C,  graphical  extra¬ 
polation  was  used  to  obtain  the  remaining  values.  The  resulting  in¬ 
accuracies  apparently  had  a  negligible  effect  on  the  final  curves. 

Table  lb  shows  the  vapor  density  in  a  wake  saturated  with  respect 
to  water  as  a  function  of  Tg  and  AT,  using  AT-values  of  35,  20,  10,  5, 

2,  and  1 °C .  The  saturation  density  values  were  obtained  from  Table  108 
of  the  -§I?j^.ftSQnlan  Tables  using  wake  temperatures  (T  )  which  were 
obtained  by  adding  Tg  plus  AT.  Similarly,  Table  Ic  shows  the  vapor 
density  in  a  wake  saturated  with  respect  to  ice,  and  are  based  on 
Table  109  of  the  Smithsonian  Tables. 

Part  of  the  water  vapor  necessary  to  form  a  contrail  is  contained 
in  the  environment,  as  shown  in  Table  la.  The  amount  of  additional 
water  vapor  necessary  to  form  a  saturated  wake,  which  must  come  from 
the  burning  fuel,  can  be  obtained  by  subtracting  the  values  in  Table 
la  from  those  in  lb  and  Ic .  The  results  are  shown  in  Tables  Ila  and 
lib.  Table  lie  shows  the  additional  water  vapor  required  to  form  a 
wake  saturated  with  respect  to  ice  plus  an  ice  crystal  content  of 
.01  gm/m  .  It  was  obtained  merely  by  adding  .01  to  all  values  of 
Table  lib.  Any  other  desired  ice-crystal  concentration  can  be  added 
to  Table  lib  In  the  same  manner. 

In  order  to  obtain  the  density  of  water  vapor  In  the  wake  provided 
by  the  fuel  (Apwe),  It  is  first  necessary  to  obtain  the  density  of  the 
wake  (pe).  These  values,  shows  In  Table  III  as  functions  of  P,  T  , 
and  AT,  were  obtained  from  Table  70  of  the  Smithsonian  Tables. 

Table  IV  —  the  density  of  water  vapor  added  to  the  wake  by  the  burning 
fuel  -  was  then  calculated  directly  from  Table  III  using  the  aforemen¬ 
tioned  equation  Apwg  =  .0336  AT  p 

Thus,  Table  Ila  shows  the  additional  density  of  water  vapor 
r_e.<Hjlr>e.<^.  to  bring  the  wake  to  saturation  with  respect  to  water  and 
Table  IV  shows  the  water  vapor  available  from  the  fuel.  Both  sets  of 
curves  can  be  plotted  on  a  single  graph  with  x-  and  y-  axes  of  T£  and 
p,  respectively,  for  specified  values  of  P,  RH£,  and  AT.  The  Inter¬ 
sections  give  the  critical  temperatures  for  a  wake  saturated  with 
respect  to  water  as  a  function  of  P,  RH£,  and  AT  (Table  Va) .  Replacing 
the  curves  from  Table  Ila  with  those  from  Tables  lib  and  lie  gives  the 
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critical  temperatures  for  wakes  saturated  with  respect  ta  m  v 
Vb)  and  wakes  saturated  with  respect  to  ice  plus  an  1  6  Table 

tration  of  .Olgm/m^  (Table  Vc).  The  values  shown  in  ^'leTT  T^" 
are  plotted  as  the  solid  and  dashed  curves  respective^ V° 
to  Ip;  those  fro™  Table  Vb  are  plotted  In  Figures  2a  to  2J.  *  ^ 

Figures  1  and  2  show  the  values  of  N  fny. 

the  specified  humidity  conditions  as  a  function  of  T& 

values  of  P  and  RH  an  „  n  of  T£  for  particular 

temperature  “ep\  ,  7  “*  doU“"'al“*<»  with  respeet  to 

except  the  cases  where  the  environment  i  <>  QQ4. 

no  Ice-crystal  concentration  Is  considered  (3  „  «nd 

(solid  lines)  and  Figure  21.  Thus  Lf  UOCV-curv.s  Figure  1 

provide  exactly  the  specified  humidity ZrZrjm^Y1  "  “hl°h 
Intersects  the  curves  At  l  h  temperature  line  which 

would  he  less,  at  iZet^ZY  ^ 

of  N-valuss,  ^assumlng^aturatlor^wlth  re^T  ”1  te™ 

before  the  trail  can  form  and  that  the  trail  be  mUSt  ^  reached 

ice-crystal  concentration  falls  below  OlJn/J  ±nVlSlble  lf  the 

logical  parameters  of  the  environment  '  the  /  ’  W±nS  the  meteoro“ 

the  basis  of  p  and  RH  Th  ’  Pr°Per  curve  is  selected  on 

1  ^  and  ^n  using  the  value  of  T 

followed  upward  until  the  solid  curve  Is  i„t.  E’  l3°therm  Is 

the  ordinate  (N. )  read  off  rsected  and  the  value  of 

Intersects  the  upper  part  of  th  d  -w  er"  18  oontinued  upward  until  It 

and  this  ordinate  (N  )  obtained!  ^ole-^Ze  ToTll"^  ba°k' 

and  100 %  dashed  curves  occurs  at  »  C?T  1,3011  of  «>•  » 

points  »  and  U  are  tZT  T  greater  than  3500 ■>  Thd 

dissipation  „f  Zer  T*'  ^  add 

tlons  in  contrails  a~  Y  Z  T"  ■ 

the  dashed  curves  of  Figure  1  ^  “  “Y ZIZITT 

and  zizTri;::^  r piotted  as 

and  4.  respectively,.  Ys  IfT  T 3 

N  at  which  the  trail  starts  J  .  E  kn0,m'  the  ',alues  of 

curves  of  the  maxim™  val ue  Z  ZTjZ  £  ’T*  det"“”d-  «» 

shown  m  Figure  3  (and  reproduced  as  dashed  curZ  IZZlZT 
obtained  by  using  the  ic0t-hP™  +.  ln  F1Sure  4),  were 

curves  In  Figure  1  si^e  hT  l0Tc  a°^d 

maximum  value  of  „  seleZd  T  doubl°-™lued,  the 

N  selected  was  the  maximum  value  tested,  i.e.,  3500. 
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Figure  la. 


Figure  lb. 


Figure  lc . 


Figure  Id. 


saturated  with  respect^  to  water1^  formati°n  of  a  wake 
with  respect  to  ice  plus  an  ice  curv®s)  and  saturated 

(dashed  curves).  ice-crystal  content  of  .01gm/m3 
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Figure  2j. 


At  this  point  the  curve  was  very  nearly  asymptotic  to  the  Isotherms. 

In  all  cases  the  asymptotic  value  of  N  on  the  solid  curve  lies  to  the 
left  of  the  corresponding  dashed  curve,  indicating  that  a  wake  satu¬ 
rated  with  respect  to  water  will  contain  more  than  enough  moisture  to 

provide  a  wake  saturated  with  respect  to  ice  plus  an  ice-crystal  con¬ 
tent  of  0.01gm/m^. 

The  isotherm  tangent  to  a  solid  curve  in  Figure  1  indicates  the 
maximum  temperature  which  can  exist  for  the  given  value  of  P  and  RH 
and  still  result  in  a  saturated  wake.  The  curves  of  these  maximum  E 
emperatures  are  the  formation  curves  in  Figure  5  (Figure  1  of 
AWSM  105-100  Rev).  They  can  also  be  considered  as  curves  of  the  mini¬ 
mum  relative  humidity  required  for  contrail  formation  as  a  function 
of  pressure  and  temperature.  This  is  the  more  useful  form  since  Tw 
generally  is  known  more  accurately  than  RH£.  These  curves  should  be 
identical  to  those  in  Figure  4  of  the  original  paper  [2]  and  are  very 
nearly  so.  To  use  the  curves  it  is  necessary  to  use  known  or  forecast 
values  of  P  and  T£.  If  the  point  falls  to  the  right  of  the  100*  curve. 
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Figure  3.  Value  of  N  at  time  trail  becomes  visible,  as  a 
function  of  the  pressure,  temperature,  and  relative  humi¬ 
dity  of  the  environment. 
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Figure  5.  A  graph  of  the  relative  humidity  reaulred  fnT. 
jet-aircraft  contrail  formation  as  a  ^  red  for 

environment.  (Same  as  W.KTS 
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trails  should  not  form  even  If  the  environment  Is  saturated  with  re¬ 
spect  to  water.  If  the  point  falls  to  the  left  of  the  0^  line,  trails 
should  form  even  if  the  environment  contains  no  water  vapor  at  all. 

If  the  point  falls  between  the  two  boundaries,  the  value  of  RH_  must 
exceed  that  indicated  by  the  graph  in  order  for  trails  to  form. 

1.3.  Summary . 

The  theoretical  curves  presented  in  this  report  (Figure  1)  indi¬ 
cate  at  what  values  of  N  (the  ratio  of  entrained  environment  to  exhaust 
gas  in  the  wake)  visible  contrail*,  start  and  dissipate.  It  Is  assumed 
that  visible  trails  start  when  the  wake  becomes  saturated  with  respect 
to  water  and  dissipate  when  the  ice-crystal  concentration  falls  below 
O.Olgm/m  .  The  latter  assumption  is  open  to  question  until  actual 
measurements  are  made.  When  data  do  become  available,  however.  It 
will  be  a  simple  matter  to  adjust  Table  Vllb  and  combine  It  graphically 

with  Table  IV  to  obtain  new  curves  to  replace  the  dashed  curves  of 
Figure  1. 


The  use  of  Figure  1  gives  the  persistence  of  visible  trails  In 

erms  of N- values.  As  stated  In  the  earlier  paper  [2]:  "The  relation 
ship  of  N  to  dlstance  beh±nd  the  aJLrplane  lB  affected  by  the  type  of 

aircraft,  its  control  settings,  the  stability  and  density  of  the 
surrounding  atmosphere,  and  the  radial  distance  outward  from  the 
central  axis  of  the  trail.  It  would  be  possible  to  carry  out  indivi¬ 
dual  studies  for  various  types  of  aircraft  under  various  conditions 
o  atmospheric  stability  In  order  to  obtain  the  exact  relation  between 
N  and  distance  behind  the  airplane.  This  would  enable  the  translation 
of  the  formation  and  dissipation  points  of  the  trail  from  values  of  N 
Into  terms  of  distance,  thus  giving  the  length  of  the  trail." 

Curves  for  fuels  which,  upon  combustion,  liberate  quantities  of 
heat  and  moisture  different  from  those  used  in  this  report  can  be 
constructed  merely  by  recalculating  Table  IV.  Also,  by  extending 
Table  IV  to  lower  pressures,  contrail  curves  can  be  obtained  for  any 
altitude.  These  studies  have  now  been  carried  out  to  40  mb.  Because 
of  the  uncertainty  In  the  amount  of  water  vapor  required  to  saturate 

air  at  very  low  temperatures,  the  curves  can  be  carried  no  higher  at 
this  time. 
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Section  II 

EMPIRICAL  DERIVATION 


2.1.  Introduction . 

Chapter  II  of  AWSM  105-100  Rev,  and  Section  I  of  this  Report  dis¬ 
cuss  theoretically- derived  curves  (Figures  1-5)  which  show  the  pressure 
temperature  relative-humidity  relationship  necessary  for  contrail  forma 
tion  by  the  exhaust  from  jet  aircraft.  By  forecasting  or  assuming 
temperature  and  relative-humidity  values  for  the  pressure-level  of 
interest,  it  is  possible  to  issue  a  Yes/No  type  of  contrail  determina¬ 
tion  or  forecast.  Unfortunately,  in  addition  to  the  usual  inaccura¬ 
cies  inherent  in  ail  space  and  time  forecasts,  there  are  special 
difficulties  in  forecasting  the  temperature  and  relative  humidity  at 
the  altitudes  and  temperatures  where  contrails  can  occur. 

Due  to  Instrumental  difficulties,  relative  humidities  are  not 
ordinarily  measured  at  temperatures  below  -40°C.  Figure  5  shows  that 
nearly  the  entire  theoretical  region  of  contrail  formation  lies  at 
temperatures  below  -4o°C.  In  contrail  determination  and  forecasting, 
therefore.  It  Is  necessary  to  rely  on  some  assumed  value  of  relative 
humidity  that  has  proved  useful  over  a  period  of  time.  AWSM  1G5-1QQ 

recommends  using  a  relative  humidity  of  70#  near  the  tropopause 
and  In  high-cloud  layers,  and  40$  at  all  other  times. 

Temperature  data  as  provided  by  the  radiosonde  also  are  not  com¬ 
pletely  representative .  To  begin  with,  the  temperature  element  is 
subject  to  a  standard  error  of  Vz°  -  1°C.  Another  small  error  is  intro¬ 
duced  by  the  limitation  to  the  number  of  slgnll leant  levels  that  can 
be  worked  up  and  transmitted.  Together,  these  two  Inaccuracies  give  a 
standard  error  of  close  to  1°  -  1^°C  (cf.  AWS  TR  105-1^1).  More  Im¬ 
portant,  however,  are  the  very  large  horizontal  temperature  gradients 
“hat  occasionally  exist  aloft.  Measurements  [l]  have  shown  gradients 
up  to  ll°C/60  nautical  miles  with  a  possible  gradient  of  13°C/30 
nautical  miles.  This  temperature  uncertainty  must  be  kept  in  mind  when 
using  Figure  5  (cf.  AWSM  105-100  (Rev.)  Chapter  II).  For  all  practical 
purposes  it  amounts  to  a  narrowing  of  the  Yes-  and  No-areas  of  the 
graph,  and  a  widening  of  the  Possible-area.  The  spacing  of  the  rela¬ 
tive-humidity  curves  on  Figure  5  shows  that  the  left  side  of  the 
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right  aiders  ±Si  eXtremely  SenSltlve  t0  temperature  errors  while  the 
o/T-a  lt  lB  rebatlyaly  ineensltlve.  For  example,  a  temperature  error 
edge  of  t h!9Ul,'alent  *°  a  relative-humidity  error  of  22*  Oh  the  left 

about  15  to  1  1-5*  the  rlsht  e°Se  -  •  sensitivity  ratio  of 

‘  V  ThU0)lt  ls  the  laft  of  the  graph  which  is  prlmarl- 

y  affected  by  the  temperature  uncertainty. 

h, by-pasa  the  presently  unavoidable  temperature  and  relative- 
humidity  errors.  It  was  decided  to  obtain  sufficient  data  to  make  an 
empirical  study  of  contrail  frequency  as  a  function  of  pressure  and 

tha'actual'  al°ne'  In  thlS  “ay  b°th  the  temperature  uncertainty  and 
ar!  ‘h  i  rn  relatlve  humldlty  St  each  pressure-temperature  point 

Ye,  »  r  the  freqUOn0y  ourve‘-  method  does  not  allow  a 

-  o  orecast;  It  does,  however,  permit  a  statement  as  to  the  rela- 

anrr,UeT  1'e'”  e”Plrl0al  Probability )  of  contrail  formation  for 
ny  given  value  of  pressure  and  temperature. 

2.2.  Procedure  - 

Project  Cloud  Trail  was  established  within  the  Air  Defense  Command 

info^r  T  ““h  A±r  WCather  SerVl0e'  t0  high-level  „ea“ 

clenH  °Vr°m  j6t  alrCraft*  The  alrcraft  were  to  accumulate  suffi- 

t rails  a  !  SGrVe  33  3  b3SlS  f°r  lmproved  raeth°<>s  of  forecasting  con- 

of  the'proZt  !  haZe>  30(3  tUrbulence-  the  contrail  portion 

the  Project  is  considered  here.  The  observational  phase  of  the 

period  sTffT  1  7ember  1954  t0  15  DeC6mber  1955'  ^  this 

collected  d  ghter"lnterceptor  squadrons  based  in  the  United  States 

ernni  d  ^  ^  Upper-alr  funding  stations.  The  procedure 

employed  was  as  follows: 

after  153o'ccr0i  "** . appr0JIlmataly  »™  hour  before  to  two  hours 
er  1530  GOT,  two  aircraft  were  vectored  to  a  point  2^  onn 

an  upper-air  sounding  station.  The  aircraft  then  climbed  to  the  maxi"" 
TZtlon  °btalnabl6A  mal"taining  position  within  30  miles  of  the 

The  wingman  observed  whether  or  not  the  lead  aircraft 
produced  exhaust  trails  and  whether  they  were  continuous  or  In^r- 

r:^a“  °r  falnt'  ln°1Ual-  “  -PB  -  —  In  which 

c.  Other  requested  data  were  gathered. 

ice  tie"1!  di,t\°ard3  Were  reoelvea  at  Headquarters  Air  Weather  Serv¬ 
ice,  the  associated  soundings  were  plotted  from  the  Dally  Urnen-,ir 
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Bulletins.  The  contrail  levels  were  then  entered  on  each  sounding. 

For  six  selected  pressure  levels  -  350,  300,  250,  200,  175,  and  150  mb 
the  occurrence  and  non-occurrence  of  contrails  and  the  associated  tem¬ 
peratures  were  picked  off.  A  tabulation  was  made  of  the  number  of  con 
trail,  no-contrail,  and  total  cases  for  each  degree  of  temperature  at 
each  pressure  level,  and  the  percentage  of  cases  having  trails  deter¬ 
mined.  A  plot  of  contrail  frequency  against  temperature  was  made  for 
each  pressure  level  and  smooth  curves  drawn.  The  resulting  contrail 
frequency-function  curves  obtained  by  lumping  together  the  data  from 
all  the  stations  for  the  year  are  shown  as  solid  lines  in  Figure  6  — 
(the  purpose  of  the  dashed  lines  is  explained  below). 


Figure  6 . 
ture  and 
ber  1955. 


Contrail  frequency  as  a  function  of  tempera- 
pressure,  United  States,  December  1954  —  Novem- 


The  temperature  values  for  several  selected  contrail  frequencies  - 
5,  10,  25,  50,  75,  90,  and  95#  —  were  picked  off  from  each  graph.  The 
pressure- temperature  coordinates  of  these  selected  frequencies  were 
plotted  and  smooth  curves  drawn  of  contrail  probability  as  a  function 
of  temperature  and  pressure  (solid  lines.  Figure  7).  For  purposes  of 
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cally-derlved  curves  of  cont?all  pjdbab??^  3  are  empirl- 
lines  are  theoretically-derived  curves^nf1!?  2"  percent.  Dashed 
dity  (*)  required  for  contrail  formation 

AWS  Manual  105-100  Rev. 1  *ormation.  (Same  as  Figure  3  of 

comparison  the  four  theoretically-derived  contrail-formation  curves  are 
entered  in  Figures  6  and  7  as  dashed  lines.  Certain  discrepancies  be¬ 
tween  the  empirical  and  theoretical  curves  are  discussed  In  following 
sub-sections.  B 

2’3*  goinparlson  of  the  Theoretical  and  Empirical  Curves 

Assuming  the  theoretically-derived  curves  are  exact,  perfect  data 
would  result  in  the  0 *  probability  curve  coinciding  with  the  loo* 
humidity  line,  and  the  IOC#  probability  curve  with  the  0 *  humidity  line. 

ssumlng  further  an  equal  chance  for  all  relative  humidity  values  at 
every  pressure-temperature  point,  the  90*  and  60*  humidity  lines  should 
also  coincide  with  the  10*  and  40*  probability  curves,  respectively 
However,  one  would  not  expect  the  distribution  of  mean  relative  humidi¬ 
ties  to  be  constant  with  altitude;  hence,  it  is  only  the  bounding 
curves  that  can  be  tested.  Figure  7  shows  that  although  the  right  side 
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of  the  empirical  and  theoretical  curves  are  in  good  agreement,  there  is 
a  discrepancy  of  5  or  6°C  on  the  left  side.  To  thoroughly  understand 
the  reason  for  this  discrepancy,  it  is  useful  to  go  back  to  the  con¬ 
trail-frequency-function  curves  for  the  individual  levels  (Figure  6). 

A  study  of  Figure  1  shows  that  near  the  0%  relative-humidity  line 
a  small  change  in  temperature  is  equivalent  to  a  large  change  in  rela¬ 
tive  humidity.  The  opposite  is  true  near  the  100%  line.  Assuming  an 
equal  chance  for  all  relative— humidity  values  at  every  pressure- 
temperature  point,  resulting  contrail- frequency- function  curves  would 
start  out  flat,  then  become  progressively  steeper  toward  the  upper  end 
(Figure  8) .  If  the  relative-humidity  values  were  evenly  distributed 

PRESSURE  (mb) 


TEMPERATURE  (°C) 

Figure  8.  Theoretical  contrail-probability- function  curves 
obtained  by  assuming  an  equal  distribution  of  all  relative- 
humidioy  values  from  0  to  100%  for  each  pressure  point. 
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i  twrtnHi  UKt  ; 

fo^PRn^h  oSrfeti°^1  contrail-probability-function  curves 
_?f  2~?  obbal^®d  by  assuming  an  equal  distribution  of 
all  relative-humidity  values  between  0$  and  each  of  five 
arbitrary  maxima  (solid  curves),  and  between  100^  and  an 
arbitrary  minimum  (dashed  curve).  x 


but  had  a  minimum  cutoff  above  0 $  or  a  maximum  cutoff  below  100$,  the 
flattening  effect  at  the  lower  ends  of  the  curves  would  be  reduced. 
This  effect  is  shown  for  the  250-mb  level  in  Figure  9.  (Note:  The 
curve  0  -  RH  -  100  is  identical  with  the  250-mb  curve  of  Figure  8.) 
Figure  10  shows  the  effect  on  contrail  probability  of  a  normal  distri¬ 
bution  of  relative  humidity  about  a  mean  value  of  50$  with  a  standard 
deviation  of  20$.  With  this  distribution,  68$  of  the  cases  fall  be¬ 
tween  30  and  70$  relative  humidity  and  95$  of  the  cases  between  10  and 
b0>.  relative  humidity.  It  is  seen,  then,  that  any  reasonable  relative- 
humidity  distribution  results  in  contrail  frequency  curves  which  are 

more  or  less  flat  at  the  lower  end  and  become  progressively  steeper  at 
the  upper  ends. 
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PRESSURE  (mb) 


The  contrail-frequency- function  curves  of  Figure  6  show  the  ex- 
pected  flattening  at  the  lower  end.  However,  the  progressive  steepen¬ 
ing  of  the  curves  continues  only  to  frequency  values  of  60  to  8o?S; 
thereafter,  the  curves  tum  somewhat  to  the  left.  This  inflection 
occurs  near  the  left  edge  of  the  Possible-area  of  Figure  5.  Since  it 
cannot  be  attributed  to  the  relative-humidity  distribution,  it 
necessary  to  consider  the  other  variable,  temperature. 

It  was  noted  in  sub-section  2.1.  above  that  the  temperatures  from 
a  radiosonde  report  contain  a  standard  error  of  about  1°C;  more  im¬ 
portant  are  the  occasional  very  large  temperature  gradients  that  exist 
aloft.  Because  of  operational  requirements,  the  aircraft  were  allowed 
to  take  off  up  to  one  hour  before  or  two  hours  after  raob  release  time 
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Since  It  takes  the  balloon  about  30  minutes  to  get  to  30,000  feet,  the 
aircraft  might  be  at  this  point  an  hour  and  a  half  before  or  after  the 
balloon.  Thus* both  a  space  and  time  difference  may  exist.  With  a 
fairly  strong  wind  at  30,000  feet,  say  60  knots,  this  is  equivalent  to 
a  total  space  displacement  of  more  than  50  nautical  miles.  Usually,  the 
difference  would  be  much  less,  cut  in  extreme  cases  it  could  be  more 
than  twice  as  great.  Hence,  the  temperature  measured  by  the  radiosonde 
could  occasionally  be  11  °C  different  from  that  encountered  by  the  air¬ 
craft,  and  in  some  cases  even  more . 

Temperature  errors  tend  to  be  self-compensating  in  the  Possible- 
area  of  the  contrail-formation  graph  (Figure  5),  with  just  as  many 
cases  reported  too  cold  as  too  warm.  However,  this  compensation  is 
affected  adversely  by  the  non-linearity  of  the  frequency  curves  and  by 
the  0  and  100$  frequency  boundary  lines.  The  increasing  steepness  of 
the  curves  results  in  theoretically  derived  contrail  frequencies 
slightly  greater  than  the  observed  (empirical)  values.  The  boundary 
lines  result  in  too-large  values  of  derived  contrail  frequency  at  the 
lower  end,  too-small  values  at  the  upper  end,  or  a  flattening  of  both 
ends  of  the  curves  on  the  graph  (Figure  7).  In  the  Yes-  and  No-areas, 
temperature  errors  can  act  in  but  one  direction.  Erroneous  reports 
would  fall  into  these  regions  which  properly  belong  inside  the  Possible- 
area.  This  would  result  in  a  flattening  of  both  ends  of  the  frequency 
curves.  However,  the  lower  end  is  already  flat.  In  addition,  as 
pointed  out  in  sub-section  2.1,  the  left  edge  of  the  contrail-formation 
graph  (Figure  5)  (which  is  equivalent  to  the  upper  end  of  the  frequency 
curves  of  Figure  7)  is  about  15  times  more  sensitive  to  temperature 
than  the  right  edge.  Hencej  the  effect  of  temperature  errors  would  be 
reflected  much  more  strongly  in  the  upper  ends  of  the  frequency  curves 
than  in  the  middle  or  lower  portions . 

Apparently,  then,  the  inflection  of  the  upper  part  of  the  contrail- 
frequency  curves  is  due  primarily  to  discrepancies  between  the  tempera¬ 
tures  measured  by  the  raob  and  those  encountered  by  the  investigating 
aircraft.  This  inflection  results  in  a  displacement  of  the  higher 
contrail-frequency  values  (above  about  60$)  toward  lower  temperatures . 
Hence,  the  75,  90,  and  95$  contrail-probability  curves  of  Figure  J  are 
also  displaced  toward  lower  temperatures,  and  cannot  be  expected  to 
coincide  with  the  theoretical  curyes. 

Extrapolating  the  frequency-function  curves  smoothly  upward  with- 
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out  Inflection  should  give  the  contrail  frequencies  that  would  be 
obtained  with  perfect  data.  These  are  the  dashed  curves  of  Figure  6. 
The  critical  temperatures  for  lOOg  contrail  frequency  obtained  In  this 
way  are  all  within  1°C  of  the  values  shown  by  the  theoretically-derived 
0 %  relative-humidity  line. 

In  using  the  contrail-probability  graph  (Figure  7),  however,  the 
forecaster  must  contend  with  the  inherent  error  of  the  radiosonde 
instrument  and  with  the  unrepresentativeness  caused  by  the  occasional 
intense  horizontal  temperature  gradients.  Consequently,  when  forecast¬ 
ing  contrails,  he  should  use  the  contrail-probability  values  determined 
from  the  actual  frequency  (empirical)  curves,  and  not  (theoretical) 
curves  which  would  be  true  only  for  perfect  data. 

2A.  Effect  of  Season  on  Contrail  Probability. 

Contrail  probability  curves  similar  to  those  of  Figure  7  were 
constructed  for  each  season  (see  AWS  TR  105-132).  Table  VI  shows  a 
comparison  of  the  corresponding  pressure- temperature  values  of  these 
curves  for  the  individual  seasons  and  for  the  year.  The  differences 
between  the  annual  and  seasonal  curves  were  small.  Since  the  differ¬ 
ences  that  did  exist  showed  no  consistent  seasonal  trends,  It  Is  proba¬ 
ble  that  they  were  caused  mainly  by  the  limited  sample  of  data  for  the 
individual  seasons.  It  seems  that  any  true  seasonal  effects  are  too 
small  to  be  significant  for  forecasting  purposes. 

2*5.  Effect  of  Geographical  Location  on  Contrail  Probability. 

In  order  to  determine  whether  the  contrail  probability  curves  vary 
significantly  in  different  regions,  separate  curves  similar  to  those  of 
Figure  7  were  constructed  for  the  northern  and  southern  parts  of  the 
United  States.  The  dividing  line  was  39°N.  The  number  of  southern 
stations  involved  In  the  test  was  relatively  small,  and  the  number  of 
contrails  at  low  altitudes  in  the  south  was  negligible.  Table  VII 
shows  a  comparison  of  the  corresponding  pressure-temperature  values  of 
the  contrail-probability  curves  for  the  north  and  south,  based  on  the 
entire  year's  data.  The  average  differences  between  the  two  sets  of 
points  was  0.7°C,  with  the  southern  curve  averaging  0.2°C  colder. 

The  differences  between  the  two  sets  of  curves  were  s  .all  at  all 
levels.  At  250  and  200  mb  the  northern  and  southern  curves  coincided 
almost  exactly;  at  the  other  levels  the  contrail  probability  tended  to 
be  a  little  higher  in  the  north  at  temperatures  above  -57°C,  higher  in 
the  south  at  the  lower  temperatures.  The  largest  temperature  difference 
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between  the  two  sets  of  curves  was  never  more  than  1.3°C.  The  average 
of  the  differences  between  the  two  sets  of  points  was  0.7°C,  with  the 
northern  values  averaging  0.2°C  wanner. 

The  differences  between  the  contrail-probability  curves  for  the 
north  and  those  for  the  south,  while  possibly  real,  are  too  small  to  be 
significant  for  forecasting  purposes.  Consequently,  the  curves  of 
Figure  7  can  for  the  present  be  considered  applicable  at  all  locations. 
Further  study  on  climatic  effects,  based  on  data  taken  in  Europe  and 
Japan,  is  planned  for  the  future. 

2.6.  Effect  of  the  Tropopause  on  Contrail  Probability. 

Various  studies  have  been  published  comparing  the  humidity  in  the 
stratosphere  with  that  of  the  troposphere.  Because  of  the  limited 
number  of  measurements  actually  available  near  the  tropopause  levels,  ■ 
however,  no  completely  reliable  conclusions  can  be  drawn.  Since  the 
mean  relative  humidity  affects  contrail  probability,  separate  proba¬ 
bility  studies  were  carried  out  for  the  troposphere  and  stratosphere. 

In  order  to  isolate  the  effect  of  the  tropopause,  it  was  necessary 
to  compare  stratospheric  and  tropospheric  frequencies  at  common 
pressure- temperature  values.  The  pressure  level  containing  the  best 
balance  of  cases  above  and  below  the  tropopause  was  200  mb.  Separate 
stratospheric  and  tropospheric  contrail-frequency- function  curves  were 
carried  out  for  this  level  (Figure  ll).  It  Is  seen  that  throughout 
the  greater  portion  of  the  curve,  for  a  given  value  of  pressure  and 
temperature  the  frequency  of  trails  is  greater  in  the  stratosphere  than 
In  the  troposphere. 

The  theoretically-derived  critical  relative-humidity  values  for 
contrail  formation  have  oeen  ehtered  on  Figure  11  as  dashed  lines.  The 
50#  contrail -frequency  line  indicates  a  median  relative  humidity  of 
about  in  the  troposphere,  70^  in  the  stratosphere.  It  must  be 
kept  in  mind  that  this  measurement  applies  particularly  to  the  200-mb 
level.  At  this  level,  most  of  the  stratospheric  cases  would  be  In 
lower  polar-stratospheres;  most  of  the  tropospheric  cases  would  be  in 
upper  tropical-tropospheres . 

The  tendency  for  increased  relative  humidities  near  (just  above 
to  just  below)  the  tropopause  is  also  borne  out  by  Figure  7.  In  gen¬ 
eral,  the  probability  curves  are  steeper  than  the  relative -humidity 
lines  up  to  about  185  mb,  then  less  steep.  This  indicates  that  the 
mean  relative  humidity  increases  from  350  mb  to  about  185  mb,  then 
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ecreases.  Since  the  mean  tropopause  height  for  this  study  was  210  rn 

^onnTT  that  the  l8Vel  °f  maXlmum  mean  ^latlve  humidity  lies  abou 
3  00  feet  above  the  mean  tropopause.  (in  all  cases  of  multiple  tropo 

pauses  only  the  lowermost  was  considered  In  this  study.) 


2.7.  Summary. 

Figure  7  presents  curves  of  contrail  probability  as  a  function  of 
pressure  and  temperature.  The  curves  are  based  on  consolidated  obser¬ 
vations  gathered  for  one  year  over  the  entire  United  States .  Inherent 
data  problems  encountered  by  the  forecaster  in  the  field  are  absorbed 
Into  the  curves.  The  most  Important  of  these  problems  are  the  mean 
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relative  humidity  at  each  pressure-temperature  point,  and  the  unrepre¬ 
sentativeness  of  temperatures  measured  by  the  radiosonde.  The  humidity 
problem  is  caused  by  the  lack  of  humidity  measurements  at  the  levels 
where  contrails  can  form.  The  temperature  problem  is  due  partly  to  the 
small  standard  error  (about  1°C)  in  reported  temperatures  but  mainly  to 
the  fact  that  occasionally  very  strong  horizontal  temperature  gradients 
exist  at  the  upper  levels  which  can  lead  to  temperature  errors  of  more 
thrn  10°C. 

To  use  Figure  7  the  forecaster  merely  makes  his  best  possible 
temperature  forecast  for  the  altitude,  time,  and  place  of  interest,  and 
enters  the  graph  with  this  pressure-temperature  value  to  get  the  proba- 
bility  of  contrail  formation  (see  AWSM  105-100  Rev).  Unfortunately, 
contrail-probability  curves  are  available  only  from  350  to  150  mb. 

Below  350  mb  the  temperature  was  nearly  always  too  warm  for  trail 
formation.  Above  150  mb  there  were  Insufficient  observations  for  the 
construction  of  reliable  curves.  At  altitudes  outside  the  350-150-mb 
range,  the  forecaster  must  use  the  contrail  formation  graph  (Figure  5). 
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APPENDIX 


TABLE  la 

Density  of  Water  Vapor  In  Environment  (gm/m^) 


Temp .  o  f 
Environment 
(te,  °C) 


Relative  Humidity  of  the 
Environment  [jo) 


100^ 

- 

90$ 

60 % 

.006* 

.005* 

.004* 

.012* 

.011* 

.007* 

.021* 

.019* 

.013* 

.037* 

.033* 

.022* 

.062 

.o$6 

.037 

.106 

.095 

.064 

.176 

.158 

.106 

.  286 

.257 

.172 

.453 

.406 

.272 

.705 

.634 

.423 

1.074 

.966 

.644 

*  Indicates  doubtful  value 


TABLE  lb 

Density  of  Water  Vapor  In  Wake  Saturated/Water  (gm/m^) 


Wake  Temp.  Minus  Initial  Environment  Temp 

(AT,  °C) 


Temp .  of 
Environment 


35°C 


12.830 


Indicates  doubtful  value 


20  °C 


.062 

.106 

.176 

.286 

.453 

.705 

1.07^ 

1.605 

2.358 

3.407 

4.847 


1  n°c 


.021* 

.037* 

.062 

.106 

.176 
.286 
.453 
•  705 

1.074 

1.605 

2.358 


.012* 

.021* 

.037* 

.062 

.106 

.176 

.286 

•  453 

•  705 
1.074 
1.605 


.009* 

.015* 

.026* 

.045* 


.542 

.836 

1.264 


.008* 
.014* 
.023* 
•  040* 

.069 

.117 

.194 

.314 

.496 

.768 

1.165 
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TABLE  Ic 

Density  of  Water  Vapor  In  Wake  Saturated/Ice  (gm/m3) 


Wake  Temp.  Minus  Inltlal^Envlronment  Temp.  - 

Temp,  of 
Environment 
(te,  °c) 

35  °C 

20  °C 

10°C 

5°C 

2°C 

1°C 

-70 

-65 

-60 

-55 

.203 

.338 

.552 

.884 

.038 
.0  68 
•119 
.203 

•  Oil 
.021 
.038 
.068 

.006 

.011 

.021 

.038 

.004 

.007 

.014 

.027 

.003 

.006 

.013 

.024 

-50 

-45 

-40 

-35 

1.387 

2.139 

3.246 

4.847 

•  338 

•  552 
.884 

1.387 

.119 
.203 
•  338 
.552 

.068 

.119 

.203 

.338 

.048 

.086 

.148 

.250 

.043 
•  077 
•133 
.225 

-30 

-25 

-20 

6.797 

9.399 

12.830 

2.139 

3.246 

4 . 847 

.884 

1.387 

2.139 

— 

•  552 
.884 
1.387 

.413 

.668 

I.060 

•  374 
.608 
.968 

Density  of  ^‘-^P^Ke^ulre^for^a^^SaturatedAater  (gm/m3). 


RHg  —  100  Percent 
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TABLE  I la  (Cont'd) 

Density  of  Water  Vapor  Required  for  Wake  Saturated/Water  (gm/m3) 
for  Various  Relative  Humidities  lPVni  } 


Temp,  of 
Environment 
(tej  °C) 


EHe  =  90  Percent 


Wake  Temp.  Minus  Initial  Environment  Temp  — 
_ _  (AT,  °c) 


35  °C 


.281 

.442 

.686 

1.041 

1.549 

2.263 

3.24g 

4.590 

6.391 

8.765 

11.864 


20  °C 


•  397 
.610 
.916 
1 .348 

1.952 

2.773 

3.881 


10°C 

5°C 

2°C 

1°C 

.016 

.026 

.043 

.073 

.007 

.010 

.018 

.029 

.004 

.004 

.007 

.012 

.003 

.003 

.004 

.007 

.120 
.191 
•  295 
.448 

.050 

.081 

.128 

.196 

.021 

.035 

.056 

.087 

.013 

.022 

.036 

.057 

.668 
■  971 
1.392 

■  299 
.440 
•  639 

.136 

.202 

.298 

.090 

.134 

-199 

HHp  =  60  Percent 


-70 

-65 

-60 

-55 

.282 

.446 

.692 

1.052 

.058 
•  099 
.163 
.264 

.017 

.030 

.049 

.084 

.008 

.014 

.024 

,040 

.005 
.008 
.013 
•  023 

1  1  1  1 

00  -Pr-frlJI 

VJ1  OVJ1  O 

1.568 

2.294 

3.301 

4.675 

.416 

.641 

.968 

1.433 

.139 
.222 
.347 
•  533 

.069 

.112 

.180 

.281 

.040 

.066 

.108 

.172 

-30 

-25 

-20 

6.525 

8.976 

12.186 

2.086 

2.984 

4.203 

.802 

1.182 

1.714 

.433 

.651 

.961 

.270 

.413 

.620 

.004 

.007 

.010 

.018 
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TABLE  Ila  (Cont'd) 

Density  of  Water  Vapor  Required  for  Wake  Saturated/Water  (gm/nr*) 
for  Various  Relative  Humidities 

RH„  =  0  Percent 


Wake  Temp.  Minus  Initial  Environment  Temp.  — 

(AT,  °C) 


Temp,  of 
Environment 

(te,  °c) 

35°C 

20  °C 

10  °C 

5  °C 

2°C 

-70 

.286 

.062 

.021 

.012 

.009 

-65 

.453 

.106 

.037 

.021 

.015 

-60 

•  705 

.176 

.062 

.037 

.026 

-55 

1 .074 

.286 

.106 

.062 

.045 

-50 

1.605 

.453 

.176 

.106 

.077 

-45 

2.358 

.705 

.286 

.176 

.130 

-40 

3.407 

1.074 

.453 

.286 

.214 

-35 

4.847 

1.605 

.705 

.453 

.344 

-30 

6.797 

2.358 

1.074 

.705 

.542 

-25 

9.399 

3.407 

1.605 

1.074 

.836 

-20 

12.830 

4.847 

2.358 

1.605 

1.264 

.008 

.014 

.023 

.040 


.496 

—  ^  J  —  .  ^  I  .  |  •  j  .788 

2.358  I  1.605  I  1.264  |  1.165 


TABLE  lib 

Density  of  Water  Vapor  Required  for  Wake  Saturated/Ice  (gm/rn^) 
for  Various  Relative  Humidities 

RHr,  =  100  Percent 


Temp .  of 
Environment 
(te, °C) 


Wake  Temp.  Minus  Initial  Environment  Temp.  — 

(AT.  °C) 


35°C  20 °C  10 °C  5°C 


.197 
.326 
•  531 
.  847 

1.325 

2.033 

3.070 

4.561 

6.344 

8.694 

11.756 


6 

6 

8 


1.101 


1.686 

2.541 

3.773 


.005 

.009 

.017 

.031 

.057 

.097 

.162 

.266 

.431 

.682 

1.065 


.000 

-.001 

.000 

.001 


-  .019 
-.029 

-  .043 

-  .061 

-.079 

-.097 

-  .106 
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TABLE  lib  (Cont'd) 

Density  of  Water  Vapor  Required  for  Wake  Saturated/Ice  (gm/m3) 
for  Various  Relative  Humidities  '  ' 

RHp  =  90  Percent 


Wake  Temp.  Minus  Initial  Environment  Temp  - 

(AT,  °C) 


Temp,  of 
Environment 
(te,  °C) 


35°C 

ru 

0 

e 

O 

10°C 

5°C 

2°C 

1°C 

.198 

.327 

.533 

.851 

.033 

.057 

.100 

.170 

.006 

.010 

.019 

.035 

.001 

.000 

.002 

.005 

-.001 

-.004 

-.005 

-.006 

-.002 

-.005 

-.006 

-.009 

1.331 

2.044 

3.088 

4.590 

.282 

.457 

.726 

1.130 

.063 

.108 

.180 

.295 

.012 

.024 

.045 

.081 

-.008 

-.009 

-.010 

-.007 

-.013 

-.018 

-.025 

-.032 

6.391 

8.765 

11.864 

1.733 

2.612 

3.881 

.478 

.753 

1.173 

.146 

.250 

.421 

-.007 

+.034 

.094 

-.032 

-.026 

.002 

•  199 

•  331 

•  539 
.862 

1.350 

2.075 

3.140 

4.675 

6.525 

8.976 

12.186 


Hg  =  60  Percent 

J - L - 

.034 

.061 

.106 

,181 

.007 

.014 

.025 

.046 

.002 

.004 

.008 

.016 

.000 

.000 

.001 

.005 

.301 

.488 

.778 

1.215 

.082 

.139 

.232 

.380 

.031 

.055 

.097 

.166 

.011 

.022 

.048 

.078 

1.867 

2.823 

4.203 

.612 

.964 

1.495 

.280 

.461 

.743 

.141 

.245 

.416 

.006 
.013 
.027 
•  053 

.102 
.  185 

.324 
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TABLE  lib  (Cont'd) 


Density  of  Water  Vapor  Required  for  Wake  Saturated/Ice  (gm/m3) 
for  Various  Relative  Humidities 

RH-r,  =  0  Percent 


Temp,  of 
Environment 
(te,  °C) 


Wake  Temp.  Minus  Initial  Environment  Temp, 

(AT,  °C) 


35°C  20 °C  10°C  5°C  2°C 


.203 
•  338 
.552 
.884 

1.387 

2.139 

3.246 

4.847 

6.797 

9.399 

12.830 


.038 

.068 

.119 

.203 

.338 

.552 

.884 

1.387 

2.139 

3.246 

4.847 


.011 

.021 

.038 

.068 

.119 

.203 

.338 

.552 

.884 

1.387 

2.139 


.006 

.011 

.021 

.038 

.068 

.119 

.203 

.338 

.552 

.884 

1.387 


.004 

.007 

.014 

.027 

.048 

.086 

.148 

.250 

.413 

.668 

1.060 


TABLE  lie 

Density  of  Water  Vapor  Required  for  Wake  Saturated/Ice  (gm/m3) 
plus  &n  Ice— Crystal  Concentration  of  .01  gm/m3,  for  Various 

Relative  Humidities 

RHE  =  100  Percent 

Wake  Temp.  Minus  Initial  Environment  Temp.  - 

(AT,  °C) 


Temp,  of 
Environment 


35°C 


.207 
.336 
.  541 
.857 

1.335 

2.043 

3.080 

4.571 

6.354 

8.704 

11.766 


20  °c 


m°c 


.286 

.456 

.718 

1.111 


1.696 

2.551 

3.783 


.008 

.007 

.005 

.004 

.003 

.002 

.000 

-.003 

-.004 

-.009 

-.010 

-.019 

-.018 

-.036 

-.026 

-.051 

-.030 

-.069 

-.027 

-.087 

-.004 

-.096 
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TABLE  lie  (Cont'd) 

Density  of  Water  Vapor  Required  for  Wake  Saturated/Ice  (grn/nr^) 
plus  an  Ice-Crystal  Concentration  of  .01  gm/m3  for  Various 

Relative  Humidities 

RHt,  =  90  Percent 


Temp,  of 
Environment 
(te,  °C) 


Wake  Temp.  Minus  Initial  Environment  Temp. 

(AT,  °C) 


35°C 

20  °C 

H 

O 

0 

O 

5°C 

2°C 

.208 

.043 

.016 

.011 

.009 

.337 

.  067 

.020 

.010 

.006 

.543 

.110 

.029 

.012 

.005 

.861 

.180 

.045 

.015 

.004 

1.341 

.292 

.073 

.022 

.002 

2.054 

.467 

.118 

.034 

.001 

3.098 

.736 

.190 

.055 

.000 

4.600 

1.140 

.305 

.091 

.003 

6.401 

1.743 

.488 

.156 

.003 

8.775 

2.622 

.763 

.260 

.044 

11.874 

3.891 

1.183 

.431 

.104 

60  Percent 


-70 

.209 

.044 

.017 

.012 

.010 

.009 

-65 

.341 

.071 

.024 

.014 

.010 

.009 

-oO 

.549 

.116 

.035 

.018 

.011 

.010 

-55 

.882 

.191 

.056 

.026 

.015 

.012 

-50 

1.360 

.311 

.092 

•  04l 

.021 

.016 

-45 

2.085 

.498 

.149 

.065 

.032 

.023 

-40 

3.150 

.788 

.242 

.107 

.058 

•  037 

-35 

4.685 

1.225 

.390 

.176 

.088 

.063 

-30 

6.535 

1.877 

.622 

.290 

.151 

.112 

-25 

8.986 

2.833 

.974 

.471 

.255 

.195 

-20 

12.196 

4.213 

1.505 

.753 

.426 

■  334 
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TABLE  lie  (Cont'd) 

Density  of  Water  Vapor  Required  for  Wake  Saturated/Ice  (gm/nr*) 
plus  an  Ice-Crystal  Concentration  of  .01  gm/riP,  for  Various 

Relative  Humidities 

RHt,  =  0  Percent 


Wake  Temp.  Minus  Initial  Environment  Temn 

(AT,  °C) 


Temp,  of 
Environment 
(te,  °C) 

35°C 

20°C 

H 

O 

0 

O 

5°C 

-70 

.213 

.048 

.021 

.016 

-65 

.348 

.078 

.031 

.021 

-60 

.562 

.129 

.048 

.031 

-55 

.894 

.213 

.078 

.048 

-50 

1.397 

.348 

.129 

.078 

-45 

2.149 

.562 

.213 

.129 

-40 

3.256 

.894 

.348 

.213 

-35 

4.857 

1.397 

.562 

.348 

-30 

6.807 

2.149 

.894 

.562 

-25 

9.409 

3.256 

1.397 

.894 

-20 

12.840 

4.857 

2.149 

1.397 

.058 

.096 

.158 

.260 

.423 

.678 

1 . 07C 


■~~v 

1' 
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